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Jet-quenching theory from an experimentalists view

Gluon radiation

Multiple final-state gluon radiation off of £ , o=(1)E
the produced hard parton induced by gf‘gguctior T
the traversed dense colored medium Jrarw g § 3
A Medium
. Partonic spectrum Nuclear geometry Energy loss Fragmentation
General form: ., ® ; X AE(E,) ) D(E, ,AE)
e Mean parton energy loss A lot of theories/models on the market:
o« medium properties:
—AE ~ pyon (gluon density) g~ 2-10 GeV/fm

—AE~ AL?2 (medium length)

— ~ AL with expansion no quantitive agreement* (based on the

available measurements) at RHIC so far!

e Characterization of medium Naive summary:
via transport coefficient ¢ To varying extent all theories (except
IS mean pt2 transferred from the AdS/CFT) predict a softening of
medium to a hard gluon per unit the fragmentation and an overall
path length A broadening of the jet shape!

Jorn Putschke, RHIC/AGS Users Meeting 2011 *Remark: The differences might be due to NLO corrections !? (Thesis and Nucl. Phys.A820:115C-118C,2009)



Reminder: Di-hadron correlations systematics

STAR, arXiv 1004.2377 Increasi NQg Pt trigger
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Reminder: Di-hadron correlations systematics

STAR, arXiv 1004.2377 |ncreas|ng pt,trigger
11 = H 9y >
The “Ridge
p:ig < 3.0 GeV/c [ 3.0< p:ig <4.0 GeV/c [ 4.0< p'Trig <6.0 GeV/c [ 6.0 < pt:g <10.0 GeV/c
0.5 <™ < 1.0 GeV/c . . i
1 - - -
5 o L X = L R L
o, a® o 4’
S . SN A _f ______ A @s’?
u'u-%:ss“ <1.5 GeV/c o Au+Au
8 L 0 oA A 1Al 0.z
@ Phys.Rev.C80:064912 (2009)
© d+Au, 200 GeV Au+Au 0-10%
+5 3< pt,trigger< 4 Gev
Q- 7 :&1‘ — pt,assoc. >2GeV
g %200—2 A 9 .
- — £3 E Ja s — S 460-
% ] ,l‘\ g 450
100 7/ N 440+
O iy
S 1 ATARRE! 420
(- ’f""““" 2N/ 3 15
— ' 1.5 -
. 0. Near-side An 4 %5 ,
Away-side 3 s A independent ridge @ S évxgy\;j)lde
v @ 3 HH :
d+Au: “jet’-peak, Au+Au: Additional correlation strength
symmetric in ¢, n at small A¢ and large An: The “Ridge”
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Reminder: Di-hadron correlations systematics

STAR, arXiv 1004.2377 Increasi NQg Pt trigger

trig trig

25< P, < 3.0 GeV/c [ 3.0< p:ig <4.0 GeV/c [ 4.0< p, < 6.0 GeV/c [ 6.0< pt:g <10.0 GeV/c
05< p:ss“ <1.0 GeV/c L [

e Au+Au
O Au+Au IAnl =07

Increasing pt,assoc
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An elegant solution (QM11): higher harmonics (v3)
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An elegant solution (QM11): higher harmonics (v3)
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Higher harmonics seem to describe consistently the
“Mach Cone” and the “Ridge” at the same time!



An elegant solution (QM11): higher harmonics (v3)

I ' I ' ' I ' I ' I
B I' Renk QM 11 —- no vertex correlations| |
L — full result - nary
03+ | on
0.2 = . e medium model uncertainties are as large as energy loss model uncertainties
- — no reason to expect that simplified models work . -
o |2 E e initial state fluctuations are not a major effect NIX
< ﬂ_ B — important for details
Z(5 " %025
u g 0.1 - Q‘I ) -~ - m'.
"z | { ¥3
. l..h
LA 02 . O
0 E II....
2 3¢1rad]
0.15 1 | 1 | 1 | 1 | 1 | 1 | 1
0 1 2 5 6 7

3 4
¢ [rad]

Higher harmonics seem to describe consistently the
“Mach Cone” and the “Ridge” at the same time!

Effect of higher harmonics on jets/jet-quenching not
yet experimentally measured. From theory: small effect !?



Constraining the parton kinematics

Raa and Di-hadrons are indirect measurements of jet quenching !

To study the full spectrum of jet
quenching in an unbiased way:

Two approaches:
1. y-jet: clean, but limited
kinematic reach due to x-section

2. Full jet reconstruction:
large kinematic reach, but
complex analysis

Joérn Putschke, RHIC/AGS Users Meeting 2011



Jets connect theory and experiment

sz particles = ijet

pQCD factorization/jet spectrum:

Hard scattering

d3o

F— fa/A(xa7 QQ) ¢ fb/B(mthQ) ®

dp?

Joérn Putschke, RHIC/AGS Users Meeting 2011

PDF

Jets are the experimental signatures
of quarks and gluons. They reflect the
kinematics and “topology” of partons.

Goal: re-associate (measurable)
hadrons to accurately reconstruct
partonic kinematics

* pQCD calculates partons

* experiments measure fragments of
partons: hadrons

Tool: Jet-finding algorithms:
Apply same algorithm to data and
theoretical calculations

da.ab—wd

dt

Partonic x-section



For the first time in HI collisions: Jets @ RHIC

STAR, Hard Probes 2008 Au+Au 0-20% p"™° ~21 GeV
t,jet

STAR preliminary

p: per grid cell [GeV]

* Full jet reconstruction in HI collisions is a challenge due to the underlying background
* <pt(bkg)> ~ 45 GeV for a cone of R=0.4 in central Au+Au collisions

* Region-to-region background fluctuations ~6-7 GeV (gaussian approx.) for a R=0.4

Jorn Putschke, RHIC/AGS Users Meeting 2011



For the first time in HI collisions: Jets @ RHIC

STAR, Hard Probes 2008 Au+Au 0-20% p:?:t ~ 21 GeV

STAR preliminary I

| will not go into detail on how to correct for
background/fluctuations in jet-reconstruction
in heavy-ion collisions ...

Significant progress has been made and most

of the tools are available!

There are still open issues which need to be
addressed and quantified to look for
consistency between different approaches!

* Full jet reconstruction in HI collisions is a challenge due to the underlying background
* <pt(bkg)> ~ 45 GeV for a cone of R=0.4 in central Au+Au collisions

* Region-to-region background fluctuations ~6-7 GeV (gaussian approx.) for a R=0.4

Jorn Putschke, RHIC/AGS Users Meeting 2011



Effect of background fluctuations at RHIC and LHC

Toy model: use the independent emission model and p+p x-section

—
<
-

Pythia p+p
——— LHC:\/[s =5.5 TeV

— RHIC:\/s = 0.2 TeV

-

1/2n d?6"*'/dp_dn [mb GeV/c™]
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—
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pl* [GeVic]
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Effect of background fluctuations at RHIC and LHC

Toy model: use the independent emission model and p+p x-section
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Effect of background fluctuations at RHIC and LHC

Toy model: use the independent emission model and p+p x-section
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- -
(=] o
() N

......... Pb+Pb LHC:\s = 5.5 TeV

-
(=]
&

m— p+p RHIC:\s = 0.2 TeV

T

......... Au+Au RHIC:\s = 0.2 TeV

-
o
o

.
*»
.
.
G
*y
.
e
* e
S e

1121 d*c**!/dp_dn [mb GeV/c™]
5 o o o >
o o 3 o &

-

o
-
=)

20 40 60 80 100 120 140 160 180 200 220
pf' [GeVic]

-
°.
ry
(==

Joérn Putschke, RHIC/AGS Users Meeting 2011



Effect of background fluctuations at RHIC and LHC

Toy model: use the independent emission model and p+p x-section

10 =
) =
5 — Independent Particle Emission Background Model
= — dNen/dn(LHC)=2.5 dNgr/dn(RHIC)
R <pr>(LHC)=1.2 <pr>(RHIC)
S
TR =
o] —
= L
= —
o —
S
m —
S
© 107 =
8 F Central HI Collisions
Q- L
+ -
i} B = | HC:\/s = 5.5 TeV
+ 2
210° = RHIC:\s = 0.2 TeV
- Anti-kr R=0.4
10'3 lIIllll|ll|l|Il|ll|l|Illlllllllllllllllllll

0 20 40 60 80 100 120 140 160 180 200 220
pJT"t [GeV/c]

Fluctuations at RHIC dominant due to steeply falling spectrum
Small effect on inclusive jet x-section at the LHC for pt/et>100 GeV/c
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Inclusive jet x-section in heavy-ion collisions

Y. Lai QM2009 Au+Au collisions 0-10%
— 104 3 _
S 10 % PHENIX Preliminary g 10 : , ,
S 105 Run—5Cu + C\[s,,=200GeV/c | = F lines=unfolding
quJ e Gaussian filter,0 =0.3 2 104L uncertainties
= 10 E_ 4 uncorrected p + p compared to © =
%1 10—7é_ &%% OEO background—unfolded Cu + Cu ) - STAR Preliminary
P e, 107 M.Ploskon QM2009
QI\ = *ir*%.gggzoo B
S 10°F *@‘*%:%; 10°:
10" cu+cu p+prAZT fi13 ; ~ . ktR=0.4
L® [ *0-20% °©0-20% P i 1071
T 107 F =20-40% = 20-40% = . anti-kt R=0.4
10—12' 40-60% * 40—60% ¢ -
d * 60-80% * 60-80% 108 = kt R=0.2
—13 o v b by b N O P Y il §
10 0O 5 10 15 20 25 30 35rec40 45 50 E - anti-kt R=0.2 |
pT pp(GeV/C) 10-9IIIIII|IIII|IIII|IIIII]I{—mlllllll

0 10 20 30 40 50 60
py* (GeVic)
* Inclusive Jet spectrum measured in central
Au+Au and Cu+Cu collisions at RHIC

 Extended the kinematical reach to study jet
quenching phenomena to jet energies > 40 GeV

Remark: New high statistics Au+Au runs on tape (Phenix and STAR) will increase significantly the kinematic reach!

Jorn Putschke, RHIC/AGS Users Meeting 2011



What do we learn from the Au+Au jet spectrum ?

dO Jet

dE,

Au+Au

Energy shift?

Absorption?

ET

Cross-section ratio
AuAu/pp

ET

Momentum and energy is conserved even for quenched jets

If full jet reconstruction in heavy-ion collisions is unbiased

= Inclusive jet spectrum scales with Ncon relative to p+p

Joérn Putschke, RHIC/AGS Users Meeting 2011
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Jet Raa in central Au+Au and Cu+Cu

M.Ploskon QM2009 Y Lai QM2009
= | & *FPHENIX Preliminary
Au+Au and p+p at\[s, =200 GeV/c 1-? - 20_5%0%@ 07 PRL 101 162300
Au+Au: 10% most central -
HS 1.4F
3 1.2F
i — JE oo
I —  ktR=0.4 0.8C
i o anti-kt R=0.4 0.6: ﬁi}{b W{;{' % + ‘% : -
i 0.4 +
Inclusive Rax 0'2: El;zssslaiuﬁ]rtgr%/_o 3200 oev
10 15 20 25 30 35 40 45 50 PP (GeVi/c)
plt (GeV/c)

STAR sees a substantial fraction of jets in Au+Au
- in contrast to x5 suppression for light hadron Raa

Strong suppression (similar to single particle)
in Cu+Cu measured by PHENIX

Jorn Putschke, RHIC/AGS Users Meeting 2011 11



First look at the jet energy profile

M.Ploskon QM2009

Au+Au and p+p at\/s,=200 GeV/c

Au+Au: 10% most central —— Au+Au kt @

—— Au+Au anti-kt

STAR Preliminary — p+p kt

0.8

0.7

Yield Ratio: R=0.2/R=0.4

0'6;_ —=—  p+p anti-kt

l g $
0.5: 3 - « ) .

- e — p+p: “Narrowing” of the jet
0.4 —— — il s ..

- structure with increasing jet energy
0.3 ‘Mj/ _

- S—
0'25 _Qﬁ/ \\ Au+Au: “Deficit” of jet energy of
0.1 jets reconstructed with R=0.2

15 20 25 30 35 40 45 50
pf‘ (GeV/c)

Strong evidence of broadening in the jet energy profile

Jorn Putschke, RHIC/AGS Users Meeting 2011 12



Advantage of recoil jet spectrum measurements

Anti-k;, R=0.4
Trigger Jet: p, =2 GeV/c, p.(trig)>20 GeV/c

Trigger jet & STAR preliminary
3 - -
3 pT’cut-O.Z GeVic
4 - —— B —
o M v —
g 2 ' * ¥
07 E — e
. 2 r —
. - — * +
': -
SO :
i i
10°— ® pP*pP
- 4 Au+Au (0-20%)
"~ v unfw/Gauss 0 GeVie
1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I
10 15 20 25 30

GeVi
pT,jet[ € C]

High-p; trigger jet selection - Flatter spectrum of recoil jets

=> reduces the sensitivity to details of background fluctuations!

Joérn Putschke, RHIC/AGS Users Meeting 2011



Advantage of recoil jet spectrum measurements

Anti-k;, R=0.4
Trigger Jet: p, =2 GeV/c, p.(trig)>20 GeV/c

Smearing parameters for p;.,~0.2 GeV/c

Trigger jet

—— input exp(-0.15pT)

—— smear(Gaus)

10 —— smear(d pT)

10?

Toy simulation

IIIIIllllllllllllllllllllllllllllllllllllllllll
5 10 15 20 25 30 35 40 45 50

o

High-p; trigger jet selection - Flatter spectrum of recoil jets

=> reduces the sensitivity to details of background fluctuations!

Joérn Putschke, RHIC/AGS Users Meeting 2011



Recoil jet spectrum Raa

E. Bruna QM2009

Q .
14 v AntiKt R=0.4, p"°>10 GeV
S L ' AntiKt R=0.4, p*>20 GeV
o = ,
Trigger jEt S 1.2 — —— Background uncertainty 6, + 1 GeV
2 = N Trigger jet energy uncertainity
= B
T A
RAN
- |
/0x 0.6
0.4
0.2 .
~ STAR Preliminary — |
B | | | | | | | | | | | | | | | | | | | I | | | | l | | | |
qO 15 20 25 30 35 40

pt’rec(recoil)

e Selecting biased trigger jet maximizes pathlength for the
back-to-back jets: extreme selection of jet population

e Significant suppression in di-jet coincidence measurements!

Jorn Putschke, RHIC/AGS Users Meeting 2011
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Di-jet azimuthal correlation in Cu+Cu

Y. S. Lai, arXiv:0907.4725v2

3.5

9 - PHENIX Preliminary v 60-80%
T 3F (Rgun—S-CuJ];ICu \/@():3200 GeV/c 40-60%
2.5 k ° 0-20%
% E 7> <prTec < 11.5 Gev/e l Centrality| Width
c 2 . 0-20% 0.223 £ 0.017
O z o= 20-40%  |0.231 +0.016
s 1.5 RS 40-60%  |0.260 £ 0.059
S °F P Y 60-80%  |0.253 + 0.055
RS 4 %,
% - s £
0.5__ '3” “"o‘
-8 £ TR
O‘:t:’?‘zai.f"%. AN R B BT Tl = - 2=
24 26 28 3 32 34 36 38
Ao

Small kr broadening of surviving parton in Cu+Cu
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Di-jet azimuthal correlation in Cu+Cu

3.5

2.5

dN/dA¢ area normalized to 1

Y. S. Lai, arXiv:0907.4725v2

PHENIX Preliminary

Run-5 Cu+Cu \[s,,, = 200 GeV/c
Gaussian filter,o0 = 0.3
symmetric jet-jet

7.5 <prTec <11.5GeV/c [

" 60-80%
40-60%

= 20-40%

* 0-20%

Centrality Width

0-20% 0.223 £+ 0.017
20-40% 0.231 + 0.016
40-60% 0.260 %+ 0.059
60-80% 0.253 + 0.055

A¢

Small kr broadening of surviving parton in Cu+Cu

Are we biasing our (di-)jet measurements towards

non-interacting jets? Or is our HI jet energy
underestimated due to jet broadening!?

Can we test this with an independent measurement!?

Joérn Putschke, RHIC/AGS Users Meeting 2011




Can we test our (potential) jet-finding biases with
an independent measurement ?



Can we test our (potential) jet-finding biases with
an independent measurement ?

Yes, utilize Jet-Hadron correlations (JH)!

0.2<pt,assoc<1 0 GeV 1 .0<pt,assoc<2.5 GeV

Jet axis

o
o ¥
©

P

STAR Preliminary
0-20% Au+Au

0-20% Au+Au

-

®

(5]
|

— ﬁ STAR Preliminary

0 by
o0

©
N
(2]

-

N

2]
|

1/NJet dN/dAC')
1/NJet dN/dA

Trigger jet
~ “p+p-like”

=]
-~

AQ=Jet — PAssoc. AQ=QJet — PAassoc.
Assoc.

Increased kinematics in JH due to jet requirement!

Different systematics in bkg. correction compared
to full-jet measurements!



The two scenarios ...

If tangential (halo) emission: %

— Away side yield in Au+Au similar to p+p,
also for low P+ 4¢60c

If energy loss:

— Decrease of high-pT,aSSOC particles fiﬂ-{‘u%’ %
— Strong enhancement of IoW Py 4ec0c ¢ 7" ;;;P’:;’V
— Broadening

Lﬂ

Jorn Putschke, RHIC/AGS Users Meeting 2011 17



“Jet-finding bias” assessment via jet-hadron correlations

Measure jet-hadron correlations with the requirement of a fully reconstruct recoil jet:

Away-side width Away-side |aa

< 0.6 a
,'g C —e— pp = T v2 syst. unc.

C —&— AuAu 2 ........ il i +
_5 0.5— v2 syst. unc. g B recoil jet unc = 2 GeV
§ L B e recoil jet unc + 2 GeV 1 trig jet unc £ 2 GeV
8 C trig jet unc + 2 GeV g
pt 04— < L STAR preliminary
T - STAR preliminary o
¢ C 2
> 0 al =
© 0.3—
z T 5
< ) 7

0.2 T g 1
I~ 3 s, r.v‘.::, T ;
C 3 <
0.1
0 C 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 l 1 B 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1
0 2 4 6 8 2 4 6 8

10
o] [GeVic]

T.assoc

10
o] [GeVic]

T.assoc

Away-side shows broadening and softening in jet-hadron correlations

= Highly biased jets (pr°ut>2 GeV) seem to be modified;
jet-finding algorithm not only reconstructing unmodified jet!

=> Suppression of di-jet coincidence most likely due to “out-of-cone energy”

Joérn Putschke, RHIC/AGS Users Meeting 2011
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<10 .
;1 " A AuAu, 0-20%, 10 < pj_:t < 20 GeVlc
ﬁ -
'% : |:| v2 & detector uncertainties
4 : i
3 L8 ‘:l AE (spectrum) shift
I | [ ] 2B shitt
1 A
i A
: - A A A
u STAR preliminary
A. Ohlson QM2011
-1 L L L I L L L I L L L I L L L I L L L I
10% 2 4 6 8

JH: Away-side width and laa

assoc\ __ w
IAA(pT ) - Ypp(p,rf_:ssoc)

10
P> (GeVic)

Awayside Gaussian Width

14 .
C A Aulu, 0-20%, 10 < pft < 20 GeV/c
1.2 - * pPp
B |:| v2 & detector uncertainties
1 [ AE (spectrum) shift
-t 11 [ AB shift
-1
0.8 -f
B 1
0.6F» ¢ STAR preliminary
I
04— *
N Lo Y
0.2 — 1 * .
C IR N SR T RN T S T
00 4 6 8

10
P55 (GeVic)

e Significant (gaussian) jet broadening for recoil jets

e Softening of jet “fragmentation”:

suppression at high pT and enhancement at low pT (pT<2 GeV)

e Measurements/conclusions robust wrt to background subtraction

Further studies: jet energy scale/uncertainties on near-side (An study), included in systematics

Joérn Putschke, RHIC/AGS Users Meeting 2011
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JH: Away-side Daa Vs jet energy

DAa(PE*™*") = Yaa(p§™") - pHE — Yo lof™*) w0 AB = [ ™" Daalr

AR

%L_’SSOC)

a<3.5E A AuAu, 0-20% 10 < pl” < 15 GeVic
Q = .
E‘ 3 E_ - v2 & detector uncert. 15< pj,:t < 20 GeVic
o C . . jet .
é 2-55 rigger jet uncert. - 20 < p_ < 40 GeVic pTJet AS AB
JF
= A. Ohlson QM2011 (GeV/c) (GeVie)
1.53 +1.5+0.5
; 10-15 1-6—0.3—0.5
. . +1.84+0.5
I STAR preliminary 15-20 2.3 s 15
— +2.04+0.5
0.5
A
0

14 16
P25 (GeVic)

Away-side yields enhancement/suppression not fully
balanced, more energy at low ptin Au+Au

But significant amount of energy at
low pr compensated by high-pr suppression!

Joérn Putschke, RHIC/AGS Users Meeting 2011
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JH: Away-side Daa Vs jet energy

DAA (p%SSOC) — YAA <p%ssoc> . p%fiﬁg o Y;)p<p%ssoc> . p%?;gc AB — /dp%SSOCDAA(p%SSOC)

a¥3.5E A AuAu, 0-20% 10 < p'™ < 15 GeVic
> F
R 3 jet
% s - v2 & detector uncert. - 15 < p_ <20 GeVic
il . . jet :
5 2-1'7'E igger jet uncert. - 20 < p’_r < 40 GeVic pTJet AS AB
SF
= A. Ohlson QM2011 (GeV/e) (GeVie)
1.5 +1.5+0.5
A 10-15 1.6255 05
o +1.840.5
I STAR preliminary 15-20 2.3 s 15
- +2.0+0.5
OF 20-40 2.5 0503
0.5
-1 = L 1 M IR
0 2 6 8 10 12

14 16
pas°° (GeV/c)
Away-side yields enhancement/suppression not fully

balanced, more energy at low ptin Au+Au

But significant amount of energy at
low pr compensated by high-pr suppression!

Jet-quenching at work !

Jorn Putschke, RHIC/AGS Users Meeting 2011 20



Direct y-hadron correlations

%‘ =L L L L L L DL L DL L DL
~ — ° PHENIX Au+Au 0-20% 5<ptm°<15 GeVie x 0.5<pm<7 GeVie
% : :_ & PHENIX psp 5<p__ <15 GeVic X 1<p_ <10 GeVic PhysRevD.82.072001
L f MLLA in medium E_ =7 GeV x 10"
i S TASSO data\s=14 GeV x 10"
o u
107 E
102 PH ENIX
= Preliminary
B Direct y-h
10° & + 8.8% Au+Au Global Scale Uncertaint
E + 8% p+p Global Scale Uncertainty
B [ correlated systematic error
WY IS B N e PN T S e e e 11
Y1 05 0 05 1 15 2 25 3

-

| llllllll | llllllll | lIlllllI

L lllllll

Tasso:

Braunschweig et al. , Z. Phys. 320 C47, 187
MLA:

Borghini, Wiedemann, hep-ph/0506218

P

§ = —In|—
PT

Softening of jet fragmentation measured in y-jets!
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Just a reminder: LHC, the hard probes factory!

Pythia p+p
= LHC:\/[s = 5.5 TeV
= RHIC:\fs = 0.2 TeV

The QGP at the LHC:

ALICE arXiv:1012.4035, arXiv:1011.3914, arXiv:1011.3916

« fireball hotter and denser, lifetime

longer than at RHIC Anti-kr R=0.4

T

- dynamics dominated by partonic
degrees of freedom

1121 d?c®'/dp_dn [mb GeV/c™]
o
A

Huge increase in yield of 100

IIIIII'I] | IIIIIIII I IIIIIIIl IIIIII"I IIIIII||'| | IIIIIII] I |||||I1| |LILLLL

hard probes/jet production!
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Jet Rcp at the LHC

R=O4 R=O2
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Rcelet~ Raa ~ 0.5 (>50 GeV)— jet quenching !
No significant Er dependence of Rcp for Et>100 GeV
Similar Rcp suppression for R=0.2 and R=0.4!

Joérn Putschke, RHIC/AGS Users Meeting 2011

24



Jet Rcp at the LHC
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Reminder: Effect of background fluctuations at the LHC

Toy model: use the independent emission model and p+p x-section

10 =
) =
5 — Independent Particle Emission Background Model
= — dNen/dn(LHC)=2.5 dNew/dn(RHIC)
s <pr>(LHC)=1.2 <pr>(RHIC)
S
L 1p
o —
= L
= —
o —
|~
5 n
S
© 107 =
8 F Central HI Collisions
Q- L
+ -
=} n = LHC:\/s = 5.5 TeV
+ 2
210° = RHIC:\s = 0.2 TeV
- Anti-kr R=0.4
10'3 lIIIIIl|ll|IIIl|ll|Illlllllllllllllllllllll
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pJT"t [GeV/c]

Small effect on inclusive jet x-section at the LHC for pr/et>100 GeV/c
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Effect of fluctuations on individual jet energy scale ...

>n =
2 -
= - LHC
Z ik Sl
© =
0 —
E 102 =
o -
1035—
10‘42—
10'55—
- 100<p7Jet(HI)<110 GeV/c
10-5_IITIIIIIIllIlIlIllIIlllIlllIllllll
0 20 40 60 80 100 120 140 160 180

pre(pp)

Fluctuations have a visible effect on the p+p equivalent JES selection

Magnitude off effect dependents on details of the fluctuation spectrum

How to take n-th hard scattering into account not fully understood yet !?
Do they have an effect !? Remember on next slide you might “trigger” on them!?
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Di-jet asymmetry measurements in ATLAS(CMS)

Centrality 0-10%
ATLAS Preliminary
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CJHUING+PYTHIA

® Pb+Pb Data
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£ Centrality 30-40%

Pronounced di-jet energy imbalance observed in central Pb+Pb
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Di-jet asymmetry measurements in ATLAS(CMS)

25-30 GeV~pr2 cut off !

| belnt}ali'tyIZO'-3|0°/'o_§
CJHUING+PYTHIA

® Pb+Pb Data
O p+p Data

" Centrality 10-20%
E;,>100 GeV

E;,>25GeV
R=0.4

Pronounced di-jet energy imbalance observed in central Pb+Pb
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Di-jet asymmetry measurements in ATLAS(CMS)

Event Fraction

Event Fraction

Pronounced di-jet energy imbalance observed in central Pb+Pb
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Di-jet asymmetry: Fluctuations (may) matter ...

Cacciari et al, arXiv:1101.2878

Pythia with Gaussian smearing
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Measurement depends on the details of the fluctuation spectrum!

Current background estimates suggests only small effects!
But: n-th scattering, even rare, you might “trigger” on them ... (more studies needed)
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Missing pr'l

Taken from C. Roland (CMS), OM11

MiSSing pT”: "’l’" — Z _p¥rack cOs (¢Track - (PLeading ]et) Inf <24

Tracks

Calculate projection of p-
on leading jet axis and
average over selected
tracks with

pr > 0.5 GeV/c and
In| < 2.4

Leading Jet defines direction
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M

issing pT'

Taken from C. Roland (CMS), OM11

Tracks

Missing p{l: 7A=Y

Calculate projection of p-
on leading jet axis and
average over selected
tracks with

pr > 0.5 GeV/c and
In| < 2.4
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Sum all tracks in the event
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Missing pr'

Taken from C. Roland (CMS), QM 11

. Track
Missing p!! | = Y =P cos (Prrack — PLeading Jet) Inl < 2.4
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Missing pr'l

Taken from C. Roland (CMS), OM11

MiSSing pT”: "|1|" — Z _p¥rack cOS ((PTrack - (PLeading ]et) Inf <24

Tracks
0-30% Central PbPb
T 1T 11 I 1T 17 I 1T 1T I 1T 11 I L l_|
| CMS 0-30% T
40 " Pb+Pb \s =2.76 TeV i
T fL dt=6.7ub41 excess away
' | |from leading jet
@ 20 :
> — —
m ¢ . ¢
g Od--4—-———- -]
i ot —
?.
20 excess towards
[ . I INg |
ool : ead g jet
L1 I L1 11 [ L1 11 I L1 11 I L1 1 I‘ l
0.1 0.2 0.3 0.4
- AJ \ -
ilanced jets unbalanced jets

Integrating over the whole event final state
the momentum balance is restored
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Missing pr'

Taken from C. Roland (CMS), QM 11

S . [ — Track
Missing pl: 7= ), —Pr  cos (Prrack — PLeading Jet) In| <2.4
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0-30% Central PbPb
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balanced jets unbalanced jets

The momentum difference in the dijet is
balanced by low p+ particles

Jorn Putschke, RHIC/AGS Users Meeting 2011



Missing p7' continued: Where are the low-pt particles?

in-cone /~
out-of-cone
0-30% Central PbPb A\
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balanced jets unbalanced jets

The momentum difference in the di-jet is balanced by low pt
particles at large angles relative to the away side jet axis
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Fragmentation Functions in Pb+Pb at the LHC
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Leading and subleading jet in PbPb fragment like jets of
corresponding energy in pp collisions

Jorn Putschke, RHIC/AGS Users Meeting 2011

32



Fragmentation Functions in Pb+Pb at the LHC
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Leading and subleading jet in PbPb fragment like jets of
corresponding energy in pp collisions

With only a small high-z suppression (20%) ...
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What does that mean ...

R=0.3 pT’1Jet 7 = p¢adron/p_Fr>arton

£ =In(1/2)

What is measured:

_/
OO(T\

Z=pTTrack /pTJet

with leading jet:
Z=pTTrack /pT, 1 Jet

and sub-leading jet:

Z=pTTrack /pT, 1 Jet

p-I-Par’[on=p-|-Jet=p-l-,2 (A )Jet_|_ ApT, 2(1)

If the jet loses energy at larger angles

pT,2Jet (R>0.3) then the LHC FF measures the
jet core fragmenting in vacuum with a
reduced jet energy (as the RHIC results
suggest)!
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Summary

Jet quenching measurements at RHIC can be qualitatively
explained in a consistent picture by significant broadening
and softening of the jet structure favoring a (pQCD-like)
partonic energy loss in the medium

Suppression of jet Rcp as well as significant di-jet energy
imbalance observed at the LHC which is balanced at low-pr
at large angles (R>0.8)

Jet fragmentation functions (with small R=0.3) are unmodified
wrt to p+p, suggesting energy loss followed by vacuum
fragmentation outside the medium, consistent with RHIC

Is there (qualitative) agreement between the LHC and RHIC results!?
(We are comparing 30GeV vs. 100GeV jets ... but remember also p+Pb reference needed!)

Some open issues concerning background corrections should
be addressed before drawing strong conclusion!
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But this is just
the start ...

Direct y-Jets at

LHC allow access

to lower jet energies
— connection to RHIC

g\ L] I
th . ) pu
o | & Annual yields in ALICE
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o
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) 10° k Ou Pb+Pb minbias
w" binary scaling from p+p
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The landscape of hard probes is rich and exciting!

Measure heavy quark energy loss (b-tagged jets) with RHIC upgrades and at the
LHC, still open theoretical issue to describe heavy and light flavor energy loss in a

consistent framework!
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JH: Near-side laa and energy balance Daa ...

Daa(p7’®) = Yaa(p7"*) - 07744 — Yop(0T°) - 0Ty AB= / dp35°¢ D 4 4 (p&35°°)

-
(=]

< [ - < - R
;“ - 4 AuAu, 0-20%, 10 < pf‘ < 20 GeVlc o 35 4 AuAu, 0-20%, 10 < pf‘ <20 GeVic
o B ) -
B B |:| v2 & detector uncertainties % 3 |:| v2 & detector uncertainties
] -1 = - .
% _T |:| AE (spectrum) shift E 25 ;— |:| AE (spectrum) shift
- d . [ ] aB shit F- [] 2B shift
4 - +1.9+0.5
i 1.5F AB=0.6",,_,, (syst.) GeV/c
1 - 0-0.
u A -
s F 3 F 3 A i 15
- 0.5/ ;
S A STAR preliminary
_ ] = A ik ry i r
N STAR preliminary 0.5
A. Ohlson QM2011 s
1 1 I | | | = e
10° EE— EE— —_ E— — 0 2 4 6 8 10
0 2 4 6 8 10 assoc
P3¢ (GeVic) p:>**° (GeVic)
e Jet broadening on trigger/near-side! g oo™ P

e Enhancement at low pT (pT<2-3 GeV): ‘ g ‘i S
bkg. biases and/or bulk effects v3 !? " ”,, s

Both scenarios included in systematic uncertainties!

Remark: No higher harmonics included in background subtraction! vn for jets not really determined! Open issue!
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Test Ncon scaling with direct photons

Direct y spectra
P PHENIX, PRL 94, 232301
%'-10 E ’G i .
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o i
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by N ¥: no interactions
coll ® p+tp—oy+x 0 mmEEs=s=———==- >
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10_1 1 1 1 1 [ 1 1 1 1 | 1 1 1 | | 1 1 1 |
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D% Ran <1

Direct y in A+A scales with N__,

A+A initial state is incoherent superposition of p+p for hard probes
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Test Ncon scaling with direct photons

2 L L L L L B B
B CMS Preliminary . PHENIX, PRL 94, 232301
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Hadrons: energy loss

D% Raa <1

Direct y in A+A scales with N__,

A+A initial state is incoherent superposition of p+p for hard probes
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Path length dependence and v,
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v, at high pr due to energy loss

Most calculations give too small effect, still an open issue.
Also experimentally, need to measure “jet v2”
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Di-hadron yield suppression at high-pr

8<p,19<15 GeV

Near side

Yield of additional
particles in the jet
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Near side

associated

Away side, |A¢ - | < 0.63
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107}
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A d+Au min bias

—
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Near side: No modification
= Fragmentation outside medium?
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z; = p,(assoc) / p_(trig)

Away-side: Suppressed by factor 4-5
= large energy loss
But no shape modification in zy!
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High-pt di-hadron correlations at the LHC

é B | T T T | T T T l T T T ] T T T | B l T T T I T T T | T T T | T T T l
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Near-side of central events slightly enhanced I,, ~ 1.2!

Away side of central events suppressed: I,, ~ 0.6
less than RHIC, but similar to RHIC no shape modification
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Near-side Iaa enhancement at the LHC ...

RHIC, steeper, more exponential
spectrum does not change the

shape |laa~1, harder (more power law)
spectrum at LHC leads to |aa>1

~— 10"

10"

Pythia p+p
—— LHC:\s = 5.5 TeV

—— RHIC:Ns = 0.2 TeV

fragmentation of quarks
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Near-side Iaa enhancement at the LHC ...

: : Initial - from -5
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Nuclear Modification at the LHC

I:{AA

0.8
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0.4

M ALICE h*

IIIIIIIIIIIIII

® PHENIX =°

Pythia p+p
—— LHC:\s =5.5TeV
—— RHIC:Ns = 0.2 TeV

(J L Ll
0.2 ol
a P e 1075200 60" 8000 720 140 60 180 500 520
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0 | | |
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Similar suppression of Raa at intermediate pr wrt to RHIC
suggests larger energy loss, due to “flatter” jet spectrum
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Nuclear Modification at the LHC

! I I |
15 | CMS Preliminary

| PbPby[s,, = 2.76 TeV, J Ldt=7pb"

- mmge CMS 0-5%, [n|<1.0 -
«  Alice 0-5%, |<0.8 T h

II| I ! L
0-5% ]

" -
Ump T

I I I | | | 1 1
10°
p, (Gev)
Similar suppression of Raa at intermediate pr wrt to RHIC
suggests larger energy loss, due to “flatter” jet spectrum

Rise of Raa at high pr suggests a radiative energy loss picture
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The ridge/vs for “high-pt” trigger PID

0.4

|A$|<0.73

4 < Pryigger < 6 GeV/c and p, 450 > 1.5 GeV/e

- AutAu

Trigger:
*
(PH+K?)
Charged h

3.8

3.7

3.6/

0 <|An|<1.5

Aoho A A

A oA

Near-side: Larger ridge/vs effect for protons as compared to pion

Jet peak larger for pions, also seen in d+Au

Away-side: Difference in away-side structure between protons and pions
vz more visible for proton triggers!?
Are we sampling with proton triggers from recombination
more of the bulk in this kinematic? Or other effects?
Can be checked with protons at higher pr!
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Recoll “Fragmentation Function” in Au+Au collisions

| large uncertainties due to background
(further systematic evaluation needed)  E. Bruna QM2009 R=\/(An)? + (A¢)?

Ptrec(AUAU)>25 GeV
= < Pirec(Pp)> ~ 25 GeV

STAR Preliminary A
Fragmentation
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Small/”’no” modification in the “fragmentation
function” for jet pt < ptrec(pp)> ~ 25 GeV at high z!

Jorn Putschke, RHIC/AGS Users Meeting 2011 45



First year LHC: Jet x-section!
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Di-jet asymmetry ATLAS R=0.3
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Di-jet asymmetry CMS R=0.5
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FF vs. A
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JH: laa and width vs. jet energy
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Bulk properties at the LHC (ALICE)
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Jet Spectrum Unfolding and Corrections

Corrections for smearing
of jet p, due to HI bkg.

nonuniformities:

raw counts

1) raw spectrum

2) removal of “fake”-
jet correlations
(via randomizing HI event)

3) unfolding (bayesian) of
HI bkg. fluctuations
(gaussian approximation)

4) correction for p; resolution
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Jets: “Seeing” quarks and gluons (partons)

In high-energy collisions, observe the fragments of quarks, gluons (‘jets’)
The energy sum of all the fragments = jet energy = parton energy!
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